We report unconventional thermopower (Seebeck coefficient, S) behavior of L10 FePt films. The electron diffusion and magnon scattering are found to be the major contributions to the thermopower at low temperatures. The temperature dependence of S is fitted by a phenomenological expression. The extracted electron diffusion coefficient is positive, instead of negative for conventional metals. An overall concave curvature of the Fermi surface specific to FePt is found to be responsible. More interestingly, the magnon drag coefficient carries an opposite sign to that of electron diffusion, suggesting dominant contribution from electron-magnon umklapp scattering. DFT calculations identify several bands crossing the Brillouin zone boundaries, facilitating the umklapp process. The large spin-orbit coupling in FePt results in strong mixing of majority and minority spins among two of those bands, greatly enhancing the electron-magnon scattering.
The transfer of spin angular momentum from conduction electrons to magnetization, and its reverse effect, namely magnetization dynamics induced spin and charge current, can be harnessed for applications in information processing and storage 1,2 , such as spin transfer torque magnetic random access memory (STT-MRAM) 3 , current driven domain wall motion for racetrack memory 4 , and thermally or microwave driven spin currents for logic devices 5 . The emerging fields of spintronics, spin-caloritronics and magnonics call for a deep understanding of the interplay between spin dynamics and transport phenomena in ferromagnetic materials [6] [7] [8] [9] . Recently it has been shown theoretically that the parameterized spin transfer torque can be determined by the magnon-drag thermopower (S m ) 10 . However, experimental reports of S m are surprisingly rare [11] [12] [13] as compared to phonon-drag thermopower (S ph ). The difficulty of extracting magnon behavior from transport measurements also hinders theoretical development. Most of the theoretical interpretations of the electron-magnon interactions did not take into account the detailed electronic structure of the materials studied 14 .
Why is magnon-drag effect so elusive? This is perhaps due to the fact that contributions from electron diffusion and phonon drag often mask the contributions from magnons. Because of this, cleverly designed thermopile structures are developed to elucidate the effects of magnons 15 . On the other hand, there are hints that magnons can play an important role in transport in certain materials. As demonstrated by Mihai et al 16 , the electron-magnon scattering (EMS) is found to contribute to the magnetoresistance (MR) of FePt, leading to a linear dependence of MR on external field. While similar behavior has been found in 3d metals at high fields 17 , its presence in FePt at low fields is due to the high magnetocrystalline anisotropy K u 18,19 . FePt can thus be a potential candidate for observing S m . It possesses large magnetic moment and strong spin-obit coupling (SOC) that mixes spin-up and spin-down electronic states. The combination of both may enhance the spin-flip scattering due to electron-magnon interactions.
Here we report the first thermopower measurement of FePt films.
Temperature dependence of S at low temperatures reveals prominent magnon-drag effect. Both the behaviors of electron diffusion and magnon drag are unconventional. The electron diffusion thermopower (S d ) is positive as opposed to being negative for conventional metals with nearly free electrons. The positive S d is understood as due to the special Fermi surface topology of FePt, namely Fermi surfaces with concave curvature. More interestingly, S m shows an opposite sign to that of S d . This is attributed to electron-magnon umklapp scattering (EMUS), which although theoretically predicted, has not been reported in any ferromagnetic systems 20, 21 . Such unusual thermopower behavior of FePt distinguishes itself from other known ferromagnetic systems such as Fe, Co and Ni 11, 20 . FePt, with its large K u , is a highly desirable material to help overcoming the superparamagnetic effect as the feature sizes of magnetic devices continue to scale down [22] [23] [24] [25] [26] . Understanding electron-magnon interactions in FePt may also help to expand its applications in spin transfer based devices such as racetrack memory and MRAM.
FePt polycrystalline films were deposited by DC magnetron sputtering of [Fe 5Å|Pt 5Å] x multilayer films on glass substrates, where x ranges from 10 to 40, respectively. They were subsequently annealed for 1 hour at 550
• C in H 2 /N 2 atmosphere to form the L1 0 ordered FePt alloy. For thermopower measurements, the magnetic fields were applied perpendicular to the film plane. Resistance was measured using the ac lock-in module in a Quantum Design PPMS. Thermopower were measured in the PPMS at temperatures between 4 and 300 K using steady-state technique.
The temperature gradient, maintained at around 0.3 K/mm, was applied in-plane and monitored by a pair of type-E differential thermocouple.
Band structure calculations were performed using DFT-based method implemented in the plane-wave density functional code VASP. Projector augmented wave PAW pseudopotentials were used for Fe and Pt. The generalized gradient approximation of Perdew-Burke-Ernzerhof form is used for the exchange-correlation functional. We used a 16 × 16 × 16 k-points sampling for 2 atoms super cell. We set the plane-wave-cut-off energy to 350 eV and choose the convergence criteria for energy of 10 −6 eV. SOC is included in the calculation.
The resistance as a function of temperature for three samples with thicknesses of 100, 200 and 400Å is shown in Fig. 1 
(a).
A typical metallic behavior is seen in all samples. For a direct comparison, we plotted R(T )/R(300K) for temperatures between 4 and 300 K. It can be seen that thinner samples have lower residual resistance ratio (RRR). The smaller RRR and the appearance of an upturn in R(T ) at low temperature indicate that there is a significant degree of disorder in the 100Å sample. Despite the difference in sample quality, the measured S, as will be shown below, is insensitive to such disorder. This is different from the behavior of S ph but consistent with the disorder-insensitive property of S m . 27 . A representative S(T ) at several magnetic fields for the 400Å thick FePt film is shown in Fig. 1(b) . As seen in the inset of Fig. 1(b) , at temperature ranges between 25 and 300 K, S is nearly linear with a negative sign, and bends toward the T -axis at high temperatures. Interestingly, S changes its sign to positive at T < 25 K, develops a peak at around 10 K and then decreases towards zero as T approaches zero. The high-T thermopower is generally complicated, and analyzing the high-T behavior is beyond the scope of our paper. In the following, we will focus on the low-T thermopower.
At relatively low temperatures, thermopower S of metal alloys typically consists of S d , S ph and in ferromagnetic materials S m . S d scales linearly with T , and usually has a negative sign for nearly free electrons.
S ph originates from the electron-phonon scattering, and shows temperature dependence proportional to the phonon entropy T 3 . Likewise, the magnon part essentially resembles the phonon drag physics, with its magnitude scaling with the magnon entropy of T 3/2 . The presence of a peak at ∼ 10 K implies that either phonon-or magnon-drag might exist. A tentative fitting based on phonon drag for T between 4 and 25 K using the empirical expression: S = S d +S ph = a * T +c * T 3 was not satisfactory (not shown here). Furthermore, the peak magnitude decreases with increasing field, as seen in Fig.  1(b) . This is opposite to the field dependence of S ph 28 , but consistent with the magnon-drag behavior. Applied magnetic field will suppress the magnon population, therefore suppress the magnon peak 16, 17 . We therefore attribute the observed peak to magnon-drag effect. The temperature dependence of S can thus be described using the expression S = S d + S m = α * T + β * T 3/2 , where α is the electron diffusion coefficient and β the magnon-drag coefficient. The data are re-plotted as S/T vs. T 1/2 in Fig. 2 , and fitted by the expression
The intercept on y axis is α and the slope of the solid line is β. Plotted together with the zero field data are the thermopower measured at 3 and 5 T. The results are similar for all samples, showing no obvious thicknesses dependence. This suggests that we are essentially measuring the bulk behavior of L1 0 FePt. The resultant parameters are summarized in Table 1 . The successful fittings with Eq. 1 suggest that the magnon-drag is indeed the main contribution to the low-T thermopower. Meanwhile, we see that α also decreases with increasing field, which is a consequence of the curved electron trajectory in a perpendicular field. On the other hand, the absence of a phonon-drag peak is reasonable considering that there are chemical disorder and the scattering of phonons by the heavier Pt atoms will suppress the phonon peak 29 . Two important attributes of the extracted coefficients in Table 1 are: (i) α is positive and (ii) β carries a sign opposite to that of α. Both are counterintuitive, and in the rest of the paper, we will focus on these two observations. Fig. 3 , for all the bands except band 2, the Fermi surface area increases with decreasing energy (Fig. 3(c) ), while decreases with increasing energy (Fig. 3(d) ). Band 2 shows opposite trend. The total 1 A ∂A ∂E of all the bands is found to be −0.52 eV −1 , which explains the positive sign of S d . The opposite signs between those of S d and S m , on the other hand, need to be understood by EMUS. An EMS process can be described by k − k ′ − q = g, where k and k ′ are the momentum vectors of an electron before and after the scattering, q is the momentum of the magnon and g is the reciprocal lattice vector. For g = 0, it is the normal scattering process (N process); while for g = 0, it is the umklapp process (U process). N process gives rise to a drag thermopower with the same sign as that of S d , since the change of the electron momentum vector ∆k is parallel to q. While for U process, as depicted in Fig.  4 , an electron with vector k is scattered by a magnon and absorbs the magnon vector q; it then reaches the neighboring zone in the repeated Brillouin zone scheme with vector k ′ . The reciprocal lattice vector g transfers k ′ back to the first Brillouin zone, resulting in ∆k that is opposite to the magnon vector q. This process therefore leads to a S m with the opposite sign to that of S d .
To the best of our knowledge, the EMUS has not been reported in other ferromagnetic materials. The question arises then is what makes FePt unique? There are two essential conditions to observe the elusive EMUS: 1. EMS should be active, i.e. there should be spin-up and spin-down electronic states accessible by magnon scattering; and 2. Similar to the phonon U processes, there should be bands crossing Brillouin zone boundaries to permit EMUS at low temperatures. Therefore the mechanism of the observed U process should be rooted in the detailed band structure of FePt. As can be seen from Fig. 4 (a), band 2 (as well as band 1) cannot be responsible for the U process at low temperatures. This is because a minimum magnon vector q min is required in a U scattering process, as marked by the blue arrow. Band 1 and 2 do not cross the zone boundary, therefore the required q min would be too large, and the U process will be essentially frozen at low temperatures. On the other hand, bands 3-7 are potential candidates responsible for the EMUS. As shown in Fig. 4 (b, c) for bands 3 and 4, since these bands are connected through the zone boundaries, the required q min for a U scattering can be very small. Among bands 3-7, only bands 3 and 4 are important since they show avoided band crossings due to strong SOC. This leads to hybridization between the majority and minority spin states. Enhanced EMS has been observed in alloys with mixed majority and minority spin channels due to smearing of momentum distribution 34 . In our case it is the strong SOC that causes the spin mixing in bands 3 and 4. The enhanced U process then leads to the emergence of a magnon-drag peak, resulting from the opposite contributions from electron diffusion and magnon scattering. The extracted β is about 0.1 µV/K 5/2 , which is an order of magnitude higher than that of Fe (0.016 µV/K 5/2 ). This implies that FePt may have advantages over other conventional ferromagnetic materials for certain spin transfer applications.
In summary, we report the unusual thermopower behavior in L1 0 FePt films. Magnon-drag thermopower is found to be a major contribution to the total thermopower. The sign of electron diffusion thermopower is found to be positive at low temperatures, which is a consequence of the concave curvature of the Fermi surfaces of FePt. The sign of magnon-drag thermopower is opposite to that of electron diffusion thermopower. We identified several bands crossing the zone boundaries, with a mixing of the majority and minority spins, as a consequence of the strong spin-orbit coupling in FePt. These bands enhance the electron-magnon umklapp scattering, leading to opposite signs between the two terms. We further propose that electron-magnon umklapp scattering may be observed in other ferromagnetic materials with strong spin orbit coupling, such as CoPt, FePd and SmCo. 
